INTRODUCTION

There is an increasing need for electric utilities to be more effective and cost conscious. They are enforced to control trustworthily total lifetime costs caused by their network components without jeopardizing the reliability and security of the network. New distribution planning methods and procedures are needed in order to meet the expectations and performance targets of regulators, company owners and customers. One of the most challenging tasks for electrical utilities is the consideration of reliability as a part of long term planning of the network. An advanced IT-solution has been developed at Tampere University of Technology (TUT) in order to provide reliability analysis as a part of the network planning process. The software implementation and the developed models for reliability analysis are presented briefly in this paper.
The focus of the paper deals with studies in which alternative plans for a new distribution network are generated and compared with the developed application. For each plan the total lifetime costs are calculated, including reliability costs.
The optimal plan depends on the selection of reliability optimization criteria: the reliability costs may consist only of direct utility costs, but they can also include customer interruption costs and even the costs of voltage dips. The paper presents and evaluates the results of example studies and discusses the correlation between the utility strategy and optimal network structure.
ADVANCED RELIABILITY ANALYSIS
At Tampere University of Technology models for reliability based network analysis have been developed and implemented as part of a network planning software. First version of the reliability analysis was developed already in 1980s and it has been used e.g. for studying the optimal number and location of remote controlled disconnectors [7] . In the earlier analysis, failure rates were constant for similar components (e.g. 6 failures per year and per 100 km for a certain overhead line type) without taking into account any other factors influencing to the reliability of the components. In reality, mechanical, environmental and electrical stresses affect to the failure rate.
In the developed, more advanced reliability based network analysis, failure rates are based on the "partial failure rates" due to certain failure causes. E.g. for a transformer the overall failure rate for permanent faults is a sum of partial failure rates due to lightning and animals and due to other fault causes. Partial failure rates are, in turn, dependent on one or more stress factors. For example the partial failure rate due to wind and/or snow for overhead lines is dependent on the surroundings of the line (forest, field or road) and on neutral earthing method of the overhead line feeder. Defined partial failure rates and weight factors are based on failure statistics collected from several network utilities and Finnish failure statistics. In addition to statistics, engineering judgment was used when enough adequate failure data was not available. [8] Advanced radial network analysis utilises failure rate information to define load point interruption times in more practical point of view compared to the original reliability analysis. The cost model has been added to analysis to define the inconvenience costs both for the network company and for the customers. The models can handle both permanent and temporary interruptions as well as voltage dips and they provide the results in the form of customer interruption costs caused by short and long interruptions and by voltage dips. The basic idea of the developed modern reliability based network analysis is depicted in Figure 1 [8] . The reliability analysis in radially operated distribution networks is quite straightforward, but the difficulty is in the determination of the outage durations in different parts of the network. Some parts of the network can be restored in few minutes by using remote controlled disconnectors, but some other parts must be restored manually, which will take some tens of minutes. In a fairly small part of the network the outage time is the same as the real repair time. In the reliability model six different switching times are applied and each outage time depends on how faulted component, load point and remote controlled and manually operated disconnectors are situated. [9] The evaluation of the outage costs experienced by customers is based on the value of non-distributed energy. Costs like losses in production are taken into account in definition of inconvenience costs for a customer. In Finland some studies have been carried out to determine inconvenience value for different customer groups. In the cost model, the customer The expected annual outage costs (C) caused by sustained failures in the zone under study is defined by using the following equation
where J is a set of load points to which a fault in the zone causes interruption, I is a set of customer groups, Similar parameters are also used to define costs caused by planned outages, temporary faults and voltage dips. In Table  2 are presented the relative costs for different customer groups caused by a voltage dip in proportion to the cost caused by a high speed auto-reclosing. The percentage indicates the substation bus bar voltage during a three-phase short circuit in proportion to the nominal voltage. It has been assumed e.g. that when bus bar residual voltage during a short circuit is less than 50%, the cost effect for customer is the same as in a high speed auto-reclosing [2] . The developed reliability based network analysis has been implemented into a network planning software. In the implementation network information system (NIS) with interface to customer information system (CIS) has been used as a platform [8] . In practice the application can be used for finding critical parts of the existing network as well as for evaluation of alternative network development plans.
BASIC STUDY CASE
In long-term planning of the distribution system the main purpose is to determine the optimum network arrangements, required investments and their timing to obtain maximum benefits. At each stage the appropriate regulations covering such matters as quality of supply, safety and amenity should always be met while keeping the total costs over the system lifetime as low as possible [4] .
The developed software tool has been used in evaluating some network plans for a completely new medium voltage distribution network. For simplicity, a small model network with only one substation has been used (see Fig. 2 ). The basis of the study is fictional, but realistic distribution of electrical consumption in a small area having both urban and rural subareas. The entire area is fed by four distribution feeders. Feeder 1 is a long overhead line that supplies agricultural load and dispersed settlement. Two feeders (2 and 3) supply a town with domestic customers, industry and service load, and the fourth feeder supplies both rural residential area and another small town that is located about 15 km away from the substation. Some basic information of each feeder is given in Table 3 . The basic structure of the network has been planned by using traditional network planning criteria: shortest line routes are chosen, spark gaps are used for overvoltage protection with pole transformers sized below 200 kVA, urban areas are supplied with cable networks and rural areas with radial overhead lines. Cable networks are meshed but they are also operated radially. The basic structure of the network is depicted in Figure 2 . 
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ALTERNATIVE PLANNING STUDIES
After constructing the basic network, six alternative plans for electrifying the area was created by employing different planning strategies. Alternative network plans were then analysed and compared with help of the developed software application. The case studies are presented in Table 4 . Case 1 is the reference network plan that was created by using traditional network planning practices. In other cases only one kind of change to the basic network structure was made at a time so that the effects of a particular solution could be seen easily. Installing a recloser (relayed circuit breaker on a feeder) 5
Reduced number of back-up connections 6
Satellite transformers supplied from CC main lines in urban areas 7
Remote-controlled disconnectors
In the second case all overhead lines were constructed with covered conductors (CC) for the purpose of reducing short interruptions and voltage dips caused e.g. by snow and wind. One interesting new innovation in the distribution network development in Finland has been the use of 1000 V low voltage level between 20 kV and 400 V networks. Effects of this kind of distribution system were analyzed in case 3, where four transformers located at the very end of the feeder 1 were replaced and supplied at 1000 V voltage level. This required also installation of one 20/1 kV distribution substation to the feeder. Economical efficiency of this kind of three voltage level distribution system has been analysed in more detail e.g. in reference [6] .
In the fourth case study a recloser was installed at the southern end of the second feeder and the south-eastern part of the network (supplied previously by feeder 4) was in this case fed through the recloser. Feeder 4 could then be removed from the substation, so this solution had the advantage that the length of overhead line in the network could be decreased by nearly 5.2 km.
The effects of reducing the number of back-up connections were analysed in case 5. One back-up connection was left to feeders 1 and 2 (marked in Figure 2 ) and all back-up connections to other feeders were removed from feeders 2 and 3.
Investment costs in underground cable distribution networks are very high. For this reason, in the 6th case the objective was to cut investments by reducing the total length of underground cable. In practice this was implemented so that in feeders 2 and 3 satellite transformers were used and they were supplied with short underground branch cables from radial overhead CC main lines. Cable distribution network at the end of feeder 4 was constructed in the same way. Because satellite transformers have no internal medium voltage switchgear, they are less expensive than normal distribution transformer substations and because of this, total investments are reduced even more. The structure of the distribution network (feeders 2 and 3) in the urban area in this case is depicted in Figure 3 . Feeders 1 and 4 are not visible in the figure. In the last case altogether 15 manually operated disconnectors in the reference network plan were replaced by remotecontrolled ones. Remote-controlled disconnectors were installed both into overhead and cable feeders. 
RESULTS OF THE STUDIES
When analyzing different network plans with the developed tool, following investment parameters were used: length of the study period was 30 years, interest rate was 6% and growth of load was 2% in a year. Costs for different network components were adapted from [3] . For each network plan the costs for the entire network over the study period were calculated, including reliability costs. The results are presented in Table 5 . The first four rows of the table (investments, MV network losses, maintenance, and repair costs) represent the direct costs for the electric utility. The latter rows (apparent customer costs caused by permanent outages, work outages, auto-reclosings and voltage dips) represent the reliability costs of the entire network. From the above results it can be seen that in all case plans investments constitute the greatest share of the total costs. Costs of losses are highest in cases 2 and 6, where CC lines were used. The reason for this is that the covered conductors used are smaller in diameter than ordinary overhead conductors, so their impedance per kilometre is greater. However, the use of CC-lines can reduce maintenance costs because they require narrower right of way than ordinary overhead lines do.
In the reference network plan (case 1) reliability costs constitute about a quarter of the total costs. Most of the reliability costs are due to voltage dips, permanent outages and auto-reclosings which in turn are produced mainly by feeders with long overhead lines. The use of CC-lines (case 2) proves to be a good solution when the objective is to reduce especially costs caused by auto-reclosings and voltage dips. When using only covered conductors in overhead lines, costs caused by voltage dips are over 70% lower and costs caused by auto-reclosings are about 60% lower than in case 1. The use of CC-lines reduces also fault repair costs because of their lower permanent failure rate. On the other hand, building all overhead lines with covered conductors is expensive: investments are almost 450 k€ (10%) higher than in the basic plan. It is, however, possible to achieve a compromise between distribution quality and investments when constructing overhead lines with covered conductors only to a certain distance from the substation e.g. for the purpose of reducing the number and costs of the deepest voltage dips. The results show that by using the new 1000 V distribution system (case 3) in low loaded branches the total network reliability can be improved with only a minor increase in losses. In this case the direct utility costs are slightly lower and reliability costs are 43 k€ (2.4%) lower when compared to case 1.
In case 4 the south-eastern area of the network (fed by feeder 4 in case 1) was supplied through a recloser installed at the end of the second feeder. This is a profitable solution, as can be noted from the calculated results. Compared to case 1, the direct utility costs are 185 k€ (3.5%) lower and the reliability costs are 38 k€ (2.1%) lower in this solution. However, costs caused by permanent outages have been increased by 61 k€ (13%).
From the results, it is evident that reducing the number of back-up connections (case 5) will cut investments, but it can cause a clear increase in the costs caused by permanent outages and work interruptions. Most of the increase in outage costs is caused by the removal of back-up connections in feeders 2 and 3.
In case 6 the total length of underground cable was reduced drastically which has a significant effect in investment costs. When comparing cases 1 and 6 it can be seen that in case 6 direct utility costs are nearly 1.4 million euros (26%) lower but reliability costs are only 43 k€ higher (2.4%) than in case 1. However, in this solution the number of auto-reclosing operations would increase in urban feeders that would obviously disturb especially industrial customers.
In the 7th case some remote controlled disconnectors were installed into the network. As it can be seen, this cuts clearly the costs caused by permanent outages. The installation of remote controlled switching devices throughout the network reduces outage times, especially on urban feeders by enabling customers beyond a fault to be fed using alternative supplies from other feeders. There are also remote controlled disconnectors available with inbuilt fault locators that allow the switching zone in which a fault is located to be identified remotely. Such technology has the potential to reduce outage times even more in areas where there is a high level of connectivity with adjacent feeders and it takes some time from repair crews to reach the fault location.
One interesting observation of the results is that when comparing total costs of different cases, all plans lead to lower total costs than the network planned by using traditional network planning practices. In general, the optimal network structure depends on the utility strategy. When comparing only direct utility costs of different cases, it can be noted that the preferable plans seem to be cases 6 and 5. On the other hand, when considering only reliability costs, cases 2 and 7 are preferable choices and cases 5 and 6 are the worst alternatives. With the developed tool it is also possible to analyse only one feeder at a time. When considering the total costs, the optimal solution of the studied cases for each feeder would be as follows: When judging the results, one should bear in mind that the investments constitute the greatest share in the total costs, so these are not necessarily the best solutions in the reliability point of view.
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From the results presented it can be noticed that with the cost parameters used, the costs of voltage dips have a very great emphasis on the total reliability costs. However, because for voltage dips only very rough example values were used, the effect of these might be here much overestimated, and the results should be considered critically.
CONCLUSIONS
The developed tool for reliability based network analysis was introduced and applied in a fictional planning case, where a new distribution network with a single substation was needed to be constructed. Few alternative plans to electrify the area were presented and analyzed. From the results of these studies it can be seen that with the developed application it is possible to look for the best practices to construct a totally new network by taking into account various life time costs, including direct utility costs and apparent reliability costs. The optimal network structure can become quite different depending on the strategy of the electric utility. Naturally, in real-life distribution network planning also the condition of the existing supply network should be analyzed and considered carefully in the planning process.
The developed reliability based network analysis tool can be utilised for advanced network planning processes and the modelling results have been promising. However, the results can be only as accurate as the used input parameters. Even if the failure rate and reliability analysis parameters have been adjusted with statistics and best available knowledge, further information is still needed for even more accurate failure rate modelling [8] .
Network utilities can adjust the parameters with their own network information, but also more extensive failure databases are needed. In addition sensitivity analysis should be done on different reliability parameters to analyse how change in a parameter affects to the results and competence of different network plans. More calculations with real distribution networks should also be performed. Further research work is needed to include for instance distributed generation into the fault model.
